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42
Extensive research has been undertaken on the flexural strengthening of reinforced concrete 43 (RC) beams using bonded FRP reinforcement. Strengthening using externally bonded FRP 44 reinforcement has received by far the largest amount of research [1] [2] [3] [4] [5] , but the alternative of 45 near-surface mounted (NSM) FRP reinforcement has also received increasing attention [e.g. 46 6-11]. The externally bonded FRP method involves the external bonding of FRP laminates, 47 either formed in-situ via the wet layup process or prefabricated off site generally by 48 pultrusion, to the tension surface of RC members. The NSM FRP method involves the cutting 49 of grooves in the cover concrete and the embedding of FRP bars in the grooves using an 50 adhesive. FRP bars of various cross-sectional shapes can be used in NSM FRP strengthening 51 of structures, including round, square, and rectangular bars [8] . As a special form of 52 rectangular bars with a large cross-sectional height-to-thickness ratio, FRP strips are an 53 attractive form of NSM FRP reinforcement due to their superior bond performance over NSM 54 FRP bars of other shapes. This is because an FRP strip usually has a much larger perimeter 55 for the same cross-sectional area than an FRP bar of other sectional shape and hence better 56 bond performance, allowing a fuller utilization of the tensile strength of the FRP material [e.g. 57 12, 13]. Against this background, the present study is only concerned with NSM FRP strips 58 which are defined as narrow rectangular FRP bars with a sectional height-to-thickness ratio 59 not less than 5 [14] . For ease of presentation, the discussions in the paper are limited to 60 simply supported beams. 61 62 In RC beams strengthened in flexure with NSM FRP bars, several debonding failure modes 63 have been observed in laboratory tests, including end debonding failure and intermediate 64 crack (IC) induced debonding failure. End cover separation ( Fig. 1) , as one of the end 65 debonding failure modes, has been found to be by far the most common failure mode [8, 10] . 66 un-strengthened region but near the critical end of the FRP reinforcement, followed by the 68 propagation of a major crack at the level of the tension steel reinforcement towards the 69 middle of the strengthened region. Another possible end debonding failure mode, namely 70 interfacial debonding at the FRP-to-concrete interface, has been rarely if ever observed in 71 laboratory tests [10] and is thus not covered in the present study. A major reason that end 72 cover separation is much more likely than end interfacial debonding is the significant radial 73 stresses generated by the steel tension bars on the surrounding concrete, making the plane of 74 steel tension bars a more critical plane than the plane near the adhesive-concrete bi-material 75 interface [15] . 76 77 For RC beams strengthened with externally bonded FRP reinforcement, a large number of 78 finite element studies on end cover separation failure have been undertaken [e.g. 16-18] and 79 several strength models for this failure mode have been established [e.g. [19] [20] [21] [22] . By contrast, 80 for RC beams strengthened with NSM FRP reinforcement, very limited research has been 81 conducted on finite element modelling [15, 23] or the establishment of strength models [24, 82 25] for the end cover separation failure mode. This situation is not surprising as the NSM 83 FRP strengthening method emerged much later than the externally bonded FRP method and 84 the associated research challenges are greater due to the presence of a large number of 85 significant parameters. 86 87 To predict end cover separation failure in RC beams strengthened with NSM FRP 88 reinforcement, a full 2-D (plane stress) nonlinear finite element (FE) approach (referred to as 89 "the full FE approach" for brevity) has recently been developed by the authors [15, 23] . 90
Using this full FE approach, the important factors that influence the accuracy of FE 91 stresses exerted by the steel tension reinforcement onto the surrounding concrete, which was 93 introduced by the authors into FE modelling of end cover separation failure in RC beams 94 strengthened with FRP for the first time [15, 23] . Based on the findings from the full FE 95 approach, a simplified 2-D (plane stress) FE approach (referred to as "the simplified FE 96 approach" for brevity) [26, 27] , in which only the part of the RC beam between the two 97 adjacent cracks nearest to the critical end of the FRP reinforcement is included, was 98 established for predicting end cover separation failure. This paper presents a study which was 99 conducted using this simplified FE approach for the development of a debonding strength 100 model for end cover separation failure in RC beams strengthened in flexure with NSM FRP 101 strips. 102 103 2 Existing strength models 104 To date, only two strength models for end cover separation in RC beams strengthened in 105 flexure with NSM FRP have been proposed [24, 25] , and both of them are based on the 106 concept of the so-called concrete tooth model (CTM) (Fig. 2) . In a CTM, the "tooth" (Fig. 2) , 107 which is the concrete cover between two adjacent cracks, is treated as a cantilever, with the 108 horizontal shear stress  (from the NSM FRP) acting on its tip (i.e. free end). In addition to 109 these two models, Hassan and Rizkalla [28] proposed a model based on interfacial stress 110 analysis between NSM FRP strips and concrete to predict end interfacial debonding failure 111 
is the bending moment at the foot of the concrete tooth, 12
is the second moment of area of the concrete tooth cross-section, ' h is the vertical distance 124 between the root of the concrete tooth and the centroid of the NSM FRP, b is the width of 125 the RC beam, b d is the diameter of the FRP round bars, n is the number of FRP bars,  126 is the average interfacial shear stress between the NSM FRP bars and the concrete, and the 127 width of the concrete tooth l is either the minimum stabilized crack spacing, min l , or the 128 maximum stabilized crack spacing, 
The interfacial shear stress is balanced by the axial stress in the FRP. At the critical location 147 (such as the loading point for three-point or four-point bending beams), the axial stress in the 148 FRP at cover separation failure can be found as 149 Fig. 2 , which is referred to as the critical cracked section in this paper) as 167
Combining Eqs. 1 and 7 and assuming that end cover separation occurs when the tensile 169 stress A  reaches the tensile strength of concrete t f , the axial stress in the FRP bar at the 170 critical cracked section can be expressed as 171
The axial stress in the FRP bar can be related to the bending moment l M at the critical 173 cracked section of the strengthened beam as 174
is the elastic modulus ratio between FRP and concrete, cr I is the where x is the horizontal distance from the critical end of the FRP strip; f t is the 197 thickness of the FRP strip; P is the concentrated load on the beam; eff y is the vertical 198 distance between the FRP strip centroid and the neutral axis of the beam section; eff I is the 199 effective second moment of area of the beam cross-section and can be calculated using Eq. 14; 9 e is the base of natural algorithm; a G is the shear modulus of the adhesive; a t is the 201 thickness of the adhesive layer; and a is the horizontal distance between the critical end of 202 the FRP strip and the nearest beam support. 203 cr ap cr g ap for two 225 mm NSM CFRP strips). Therefore, the selected range of 320 f I values was large enough to cover practical situations and to examine its influence. 321
322
The predicted debonding strains are listed in Table 2 provides the predicted debonding strains for three beam heights: h = 300 mm, 600 329 mm, and 900 mm ; all other properties are the same as those of the reference case. Clearly 330 the effect of beam height is also insignificant, so it can also be neglected in evaluating the 331 debonding strain in the FRP. 332 
Effects of crack spacing and distance between steel and FRP reinforcements 373
The effect of distance between steel reinforcement and FRP reinforcements, d c , was 374 examined by obtaining FE predictions for four different values: 15 mm, 30 mm, 45 mm, and 375 60 mm. The effect of crack spacing, c s , was also examined by obtaining FE predictions for 376 four different values: 50 mm, 75 mm, 100 mm, and 150 mm. The relationship between the 377 debonding strain and d c is shown in Fig. 7 while that between the debonding strain and c s 378 is shown in Fig. 8. Fig. 7 indicates that the debonding strain decreases nearly linearly as the 379 value of d c increases, with the slopes of the linear best-fit lines for different c s values 380 being nearly the same. Fig. 8 indicates that the debonding strain increases with the value of 381 c s . As the value of d c increases, the relationship between the debonding strain and c s 382 changes from a power function to a linear function. To see a clearer trend, the debonding 383 strains normalized with respect to the strain of the case with a d c value of 30 mm are shown 384 in Fig. 9 , which indicates that the normalized strain decreases nearly linearly as the value of 385 To determine the debonding strain as well as the distance between the left cracked section 422 and the nearest support, the crack spacing is needed as input. In the present study, the 423 minimum stabilized crack spacing, min FRP bars with a sectional height-to-thickness ratio not less than 5). The approach taken was 466 to develop an approximate equation for the debonding strain in the FRP strips at the critical 467 cracked section at end cover separation failure (i.e. the debonding strain) and to find the 468 moment acting in the critical cracked section by conventional section analysis based on the 469 plane section assumption (i.e. the debonding moment). Once the debonding moment is 470 known, the associated shear force and the load level at cover separation failure can be easily 471 determined for any given load distribution. The debonding strain equation is thus the key 472 element of the proposed debonding strength model. In practice, the alternative approach of 473 checking the strain in the FRP strips at the critical cracked section against the prediction of 474 the proposed debonding strain equation can be adopted to design again cover separation 475 failure. 476
477
To formulate an approximate equation for the debonding strain, an efficient FE approach 478 recently proposed by the authors [26, 27] was employed in a parametric study to obtain 479 extensive numerical results. These results were presented and examined to understand how 480 each parameter affects this debonding strain, based on which an appropriate equation for the 481 debonding strain was proposed. The proposed strength model as well as with two existing 482 strength models for end debonding failure was compared with a test database assembled from 483 the published literature. These comparisons showed that the proposed strength model leads to 484 predictions in close agreement with the test results and is far more accurate than the two 485 existing models. 
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